Introduction
In the past few years, several studies focussing on the methods of treatment for displaced distal tibial shaft fractures have been published [1] [2] [3] [4] [5] [6] [7] . Plates, intramedullary nails and external fixations are three well-accepted and effective methods, but each has been historically related to complications. Infections, wound complications and implant prominence are frequently reported after tibial plating [1, 2, [8] [9] [10] , whereas malalignment and knee pain have been associated with nailing in other studies [11] [12] [13] [14] [15] . Frequent need for secondary operations, prolonged healing time and pin tract infection are inherent problems in external fixation [16, 17] .
Although previous studies have compared plates with intramedullary nails [1] [2] [3] [4] [5] 10] , plates with external fixation [7] and intramedullary nails with external fixation [6] , few data are available on the three methods above. The minimally invasive plate osteosynthesis (MIPO) technique has gained prevalence in recent years. This percutaneous plating technique uses indirect reduction methods and allows stabilisation of distal tibial fractures while preserving the vascularity of the soft tissue envelope. As a result, the MIPO technique has gradually become the preferred option for some surgeons [8, [18] [19] [20] . Because of frequent need for secondary operations by traditional treatment with external fixation, we used an external fixator combined with limited open reduction and absorbable internal fixation to treat these patients.
The purpose of this study was to compare minimally invasive plate osteosynthesis, locking intramedullary nail stabilization and external fixation combined with limited open reduction and absorbable internal fixation for distal tibial shaft fractures by assessing complications and secondary procedures. We postulated that external fixation combined with limited open reduction and absorbable internal fixation leads to less secondary operations, the same functional outcome, and no increase in complications versus minimally invasive plate osteosynthesis and locking intramedullary nail stabilization.
Patients and methods
The criteria for inclusion of the study were being aged at least 18 years and having a closed or grade I-II open fracture of the distal third of the tibial diaphysis. Exclusion criteria were associated proximal intra-articular or distal intra-articular fractures of the tibia, tibia plafond fractures, fractures associated with vascular injury requiring repair, and suspected pathologic fractures. The location and AO classification of the fractures were determined by radiographs.
From November 2002 to June 2012, 137 skeletally mature patients with displaced distal tibia shaft fractures (Orthopaedic Trauma Association 42)[21] with or without fibula fracture were treated with minimally invasive plate osteosynthesis (group A, n=46), locking intramedullary nail (group B, n= 46) or external fixation combined with limited open reduction and absorbable internal fixation (group C, n = 45) by fellowship-trained traumatologists at the department of Orthopaedic Trauma Surgery of Changzheng Hospital, Shanghai, according to inclusion criteria and exclusion criteria. Ethical approval was obtained (ethical committee, the Second Military Medical University). Type of treatment was randomized by computer allocation and assigned to patients prospectively through sequentially numbered opaque envelopes. All fractures were extra-articular distal diaphyseal fractures, which were located between 4 cm and 11 cm from the tibial plafond. Demographic information is reported in Table 1 Tibial plating was performed with minimally invasive plate osteosynthesis. An anterior-medial curved incision (about 3-6 cm) was made for exposing and protecting the saphenous vein. After closed reduction, the premoulded plate is inserted upward from the distal end without periosteal resection. Next, a proximal incision about three holes long is made to expose the upper part of the plate and the plate position is adjusted as needed. Intra-operative use of the image intensifier helps to accomplish closed reduction. The anterior-posterior and lateral views should both be checked and rotary restoration should be confirmed. Care should be taken with fibula reduction as it plays an important role in the restoration of rotational alignment. Once functional reduction is accomplished, the locking screws are driven in (Fig. 1) .
We used reamed nail and static locking in all fractures treated by locking intramedullary nail. The patients were positioned supine on the traction table with calcaneal pin traction and 90°of flexion of the knee joint. Access to the proximal tibia was provided by a transtendinous approach. All surgeons adhered to the same protocol. First, the surgeon reamed the intramedullary canal until the first detection of "cortical chatter", forming the basis for the nail diameter. Following the appearance of "cortical chatter", the surgeon reamed 1-1.5 mm larger than the chosen nail's diameter. This study required interlocking of all nails, both proximally and distally, as well as the use of at least one proximal locking screw and one distal locking screw (Fig. 2) .
External fixation combined with limited open reduction and absorbable internal fixation was conducted in group C. An incision about 3-4 cm was made for cleaning soft tissue and blood clots embedded in the fracture site under direct vision. Any anteroposterior or medial-lateral displacement was reduced and provisionally stabilized by large AO reduction clamps and K-wires. The fractures were fixed with absorbable screws of 3.5-, 4.5-, or 5.5-mm diameter or absorbable rods of 2.4-or 3.0-mm diameter (poly-d,l-lactic acid, DIKFIX, Dikang, Inc, Chengdu, China), depending on the size of the fracture. Last, we fixed pins paralled in the proximal and distal fracture throughout the tibia bone diaphysis and connected them with a unilateral external fixator (Hoffmann II, Stryker, Inc, Kalamazoo, MI) adjusted and fastened (Fig. 3 ).
Intravenous antibiotics consisting of a first-generation cephalosporin or alternative were administered pre-operatively and for 24 hours postoperatively. We encouraged patients to try early movement of knee and ankle joints and muscular exercises in each group. Total weight-bearing was not recommended for eight to 12 weeks postoperatively for all groups. The progression of weight-bearing was determined by the surgeon cautiously, based on the fracture configuration, soft tissue injury and patient comorbidities. Weight-bearing was usually advanced before fractures were completely radiographically united.Patientswerefollowedupforaminimumof 12 months postoperatively.
Data were obtained during clinical and radiographic examinations postoperatively at two, six, 12, 26 and 52 weeks. If the fracture didn't heal at 12 weeks, additional radiographs were often necessary between 12 and 26 weeks. Fracture healing was assessed by standard radiographic projections, and union was defined as dense callus bridging at least three of four cortices on biplanar radiographs. Delayed union was defined as radiographic union after >12 weeks. Nonunion was defined as lack of any healing within six months. Malunion was defined as angular deformity of greater than 5°, translation or shortening greater than 1 cm, or rotational malalignment of greater than or equal to 15°. Angular deformity, translation and shortening were assessed from the radiographs. Rotational deformities were judged clinically by the thigh foot angle. Range of movement of the knee and ankle were measured. Anterior knee pain, fracture site pain and ankle pain were noted. Ankle function was measured using Mazur ankle score [22] . The maximum score was 100 points. A value of more than 92 points was considered an excellent result, 82-92 good, 65-86 fair, and <65 was considered poor.
All of the data analyses were performed using the SAS software package (version 9.2; SAS Institute) at Second Military Medical University (Shanghai, China). Continuous variables during the study period are presented as mean±SD and 178 ). There was a significant different between the three groups for operation time.
The mean time to radiographic union was 15 weeks (range 13-34 weeks) in group A versus 15.6 weeks (range 13-29 weeks) in group B and 15.2 weeks (range 14-36 weeks) in group C. Delayed union occurred in four patients (9.5 %) managed with MIPO, in five patients (12.5 %) who had an intramedullary nail and in three patients (7.7 %) who had external fixation combined with limited open reduction and absorbable internal fixation. Malunion and nonunion rates did not show significant differences between each group.
In the MIPO group, one case with deep infection and seven cases with soft tissue infection developed. Twenty-five cases (59.5 %) of soft tissue irritation symptoms occurred with slight influence on daily life and in another case a locking screw broke. Secondary operation was performed on 22 patients (52.4 %) to remove the plates. In the intramedullary nail group, two cases developed postoperative tibial osteomyelitis and one of them had nonunion, which resolved after secondary surgery. Six cases had local soft tissue irritation symptoms from the implants and 15 patients still felt knee pain one year later after the operation. Secondary operations were performed on 25 patients (62.5 %) to remove the intramedullary nail. In group C, no deep infection and nonunion developed, and three others received secondary operations for inflammatory foreign-body reaction. Among the 39 patients who received external fixation combined with limited open reduction and absorbable internal fixation, six patients (15.4 %) had pin tract infection. At one-year follow-up, there were no significant differences in ankle function.
Discussion
The optimal treatment of unstable distal tibia without articular involvement remains controversial, despite the variety of treatment options which have been suggested for these injuries, including nonoperative treatment, plate fixation, intramedullary nailing, and external fixation. However, each of these treatment options has certain defects. Nonoperative treatment can be applied to stable extra-articular fractures with minimal shortening which may be complicated by loss of reduction, subsequent malunion, motion restriction and osteoarthritis [23, 24] . Open reduction and internal fixation results in extensive soft tissue dissection and large periosteal elevation, which may be associated with wound complications and infections [3, 25, 26] . There is some concern about the use of intramedullary nails in distal tibia fractures because of technical difficulties with distal nail fixation, the risk of nail propagation into the ankle joint and the discrepancy between the diaphyseal and metaphyseal diameter of the intramedullary canal. External fixation of distal tibia fractures may result in insufficient reduction, malunion and pin tract infection [27, 28] .
In recent years, numerous reports have shown that the MIPO technique is a safe and worthwhile method of managing such fractures, whilst avoiding some of the complications associated with conventional open plating methods. The aim of MIPO is to preserve the osteogenic haematoma of the fracture and the nutritional arteries of the bone while preventing iatrogenic soft tissue damage [29] . Aksekili et al. [30] , in a study treating 35 distal and diaphyseal tibial fractures with the MIPO technique, suggested that MIPO is an effective treatment for tibial diaphysis and distal tibia fractures with low complication and high union rates. High primary union rate (90.5 %) and only one patient with nonunion was observed in the MIPO group in our study, which is consistent with other studies [8, [30] [31] [32] . Although we found the irritation symptoms were more frequently encountered in the MIPO group, the symptoms had no effect on their daily life. Similar results were reported by Lau et al. whereby 52 % (25/48) of distal tibia fracture cases treated by MIPO had the implants removed due to skin impingement [33] . This could be related to the thin subcutaneous tissue and suboptimal premoulding of plates. Furthermore, the residual malreduction also contributes to the inexactness of plate and bone contouring.
Infection rates vary between 0 % and 50 % following the surgical treatment of distal tibial fractures [10, 15, 25, 34] . The highest infection rate is seen in patients treated with open reduction and internal fixation. MIPO, intramedullary nail and external fixation lead to a serious decrease in the infection rates [5, 6, 15, 31, 35, 36] . Results from this present study show that deep infection does not have a significant difference between the three groups. A higher soft tissue infection rate has been seen in patients treated with minimally invasive plate osteosynthesis, which may be explained by the extended operation time. Moreover, pin tract infection is an inherent problem in external fixation [6, 35] . Our results are in line with previous reports, and pin tract infection occurred frequently in the external fixation combined with limited open reduction and absorbable internal fixation group. No patients showed signs of persistent pin tract infection after six months or one year. We observed a high frequency of anterior knee pain after intramedullary nailing, which is consistent with early studies [6, 14, 37] . A tendon-splitting approach was used in our study. Keating et al. [37] reported reduced pain problems using a paratendinous approach, whereas Toivanen et al. [13] , in a prospective, randomised study failed to detect any differences between the two methods. A percutaneous approach aiming to avoid prepatellar scarring and injury to the infrapatellar nerve was described by Karladani and Styf [38] , but any benefit from this method has not been demonstrated so far in any prospective randomised study. According to Keating et al. [37] , the aetiology for anterior knee pain after intramedullary nailing is multifactorial, and proximal nail protrusion was not found to be an important factor. Nail removal will, however, relieve symptoms in many cases [14, 37] , as the patients who had been re-operated in our study.
External fixation was another traditional treatment for distal tibial fracture, which may lead to lots of postoperative complications, such as prolonged healing time, malunion, nonunion, frequent need for secondary operation and pin tract infection [16, 17] . Although a circular external fixator is biomechanically more rigid than a unilateral external fixator, pin site infection is one of the major drawbacks of the circular external fixation technique [39] . In our study, pin tract infection remained the most common complication, with an incidence of 15.4 %, which is much less than that for circular external fixators reported in the literature [39] , and no case of deep infection occurred in our patients.
Use of an external fixator can decrease soft tissue necrosis and deep infection rate, but when used as a definite fixation device, even a circular external fixator has a relatively high rate of malunion because of insufficient rigidity. It was reported that malunion developed in 25.6 % of tibial shaft fractures treated by indirect reduction by stabilization with an external fixator [6] . Therefore, an open reduction under direct vision and internal fixation of the tibial shaft fracture fragments is necessary. If an implant is bulky, it may need an extended incision and extensive stripping of soft tissue such that wound healing may be compromised. Soft tissue complications have always been a concern. In addition, the implant has to be removed surgically in some symptomatic patients. In our practice, most patients want the metallic implants removed following fracture healing, which increases treatment costs, may be challenging, and can lead to complications [40] . For these reasons, we used absorbable screws and rods as devices for limited internal fixation. The biggest advantage of absorbable material is that it does not require implant removal [41] . We have conducted a study to evaluate the clinical outcome of the treatment of type C pilon fractures by using an external fixator combined with limited open reduction and absorbable internal fixation and found that this was a reliable treatment for closed and open AO/OTA type C pilon fractures of the distal tibia [42] . The external fixator combined with limited open reduction and absorbable internal fixation used in our study also leads to excellent results.
The limitations of the present study are that: (1) the sample size was small, and (2) the average follow-up was only 14.8 months, which is a relatively short evaluation period and thus most cases of posttraumatic arthritis would not have developed yet. A larger sample size and longer follow-up would be helpful in a future study.
Finally, we consider that the minimally invasive plate osteosynthesis, locking intramedullary nail stabilization and external fixation combined with limited open reduction and absorbable internal fixation techniques are all efficient methods for treating distal tibia fractures. With its wide indications, external fixation combined with limited open reduction and absorbable internal fixation leads to minimal soft tissue complication, good functional result and no local soft tissue irritation or implant removal.
